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Abstract
Corrosion resistant coatings are currently being investigated for the protection of
waterwall tubes in fossil fuel fired boiler operating under low NOx conditions.
Three nickel based weld overlay alloys, designated 3033, 5020, and 5923,
developed by ThyssenKrupp VDM USA Inc. were tested in simulated low NOx
environments under isothermal, cyclic temperature and cyclic gas conditions. An
alloy currently used for weld overlays in low NOx boilers, alloy 622, was tested
alongside the candidate alloys for comparison. Alloy 3033 performed better than
the other candidate alloys and alloy 622 in all tests except the 100hr sulfidizing TG
test. The superior corrosion resistance of alloy 3033 was attributed to its
composition of nearly 30wt% chromium and less than 2wt% molybdenum. Alloy
3033 was able to develop a continuous and uniform chromium and oxygen rich
layer that served to protect the underlying weld metal from further attack. Alloys
.
5020 and 622, with significantly more molybdenum, exhibited more
microsegregation of this element that observed for alloy 3033. This non-uniform
distribution of molybdenum led to the creation of molybdenum rich, chromium
depleted regions of the inner corrosion scale of alloy 5020 and 622. These regions
acted as fast diffusion paths for corroding species, leading to continued reaction and
relatively higher corrosion kinetics. It is proposed that the thin, continuous
chromium and oxygen rich layer on alloy 3033 was effective at preventing attack of
the weld metal. Due to its performance in these laboratory experiments, it is
recommended that alloy 3033 be subjected to further testing under long term
laboratory and actual field environments to determine its potential for use as a weld
overlay in low NOx environments.
')
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1.0 Corrosion in Boilers with Low NOx Burners
1.1 Introduction
In an effort to reduce boiler emISSions In accordance with recently
implemented environmental regulations, such as the Clean Air Act, several power
plant operators have moved toward a staged combustion process. By delaying the
mixing of fuel and oxygen, the amount of nitrous oxides (NOx) that is released as a
by-product of combustion is reduced. The use of staged combustion has been found
by many power plant operators to be the most cost and time effective method for
reducing plant emissions.
d'
Prior to implementation of staged combustion, most boiler atmospheres were
oxidizing, allowing for formation of metal oxides on waterwall tubes made out of
Grade 11 or Grade 12 type of steels. Staged combustion boilers, on the other hand,
create a reducing atmosphere in the boiler due to the lack of oxygen. Sulfur
compounds from the coal, such as S02 and SO), are transformed into highly
corrosive gaseous H2S. Subsequent reaction with the metal waterwall tubes leads to
the formation of metal sulfides. Sulfur rich slag deposits can also form on the
waterwall tubes, leading to a buildup of corrosive compounds on the tubes. In the
reducing atmosphere of the staged combustion boiler, Grade 11 or Grade 12 steel is
susceptible to excessive wastage of the tube and unsatisfactory service lifetimes.
The favored solution to the problem of waterwall wastage has been to
deposit a weld overlay cladding of a more corrosion resistant alloy on to the tube.
Commercially available nickel based superalloys, such as alloys 622 and 625, have
3
been used for weld overlays. These alloys provided more protection in the reducing
environment than standard steels, but are~ered expensive and are susceptible
\
to circumferential cracking. Initially designed for strength at high temperature, the
nickel-based alloys are not optimized for corrosion protection in high temperature
low NOx environments.
The commercially available nickel based superalloys currently used for weld
overlays contain many elements, such as niobium, that are not required for corrosion
resistance. Due to the addition of these elements, and the considerable amount of
nickel in them, the commercial superalloys very expensive, considering the large
amount of area that must be covered in a typical boiler.
1.2 Corrosion Protection by Passive Layer Formation
1.2.1 Introduction
The formation of corrosion product on waterwall tubes is often considered
detrimental, as it can be an indication of material wastage, which may lead to tube
failure. However, the corrosion product that forms on the tube can playa beneficial
role. If the corrosion product possesses the right properties, it can prevent exposure
of the underlying bare metal to the reactive chemical species in the combustion
environment, thereby slowing or halting the corrosion reaction. I
There are many different corrosion products that may foml on the waterwall
tube, depending on (at the least) the composition of the tube material, the
composition of the combustion gas, and the operating temperature. Many of these
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corrosion products are not able to protect the underlying tube metal for a number of
reasons: they are porous, allowing for continued chemical reaction(s) between the
metal tube and the combustion gas, they are not adherent to the substrate for
chemical or mechanical reasons, or they are not stable and react further with the
combustion environment.
For the corrosion product to prevent further attack, it must make the
underlying metal impervious to the corrosive environment. It must possess a high
coefficient of diffusion of either oxygen and the base metal elements (so that ion
transport through the corrosion product is extremely slow), it must be adherent to
the tube metal, and it must be continuous across the tube surface. A similar
coefficient of thermal expansion between the metal and the corrosion scale will
reduce stress generation due to thermal cycling. The corrosion product must also be
thermodynamically stable, so that it forms preferentially over other alloy oxides. A
coating ofcorrosion product with these properties is termed a passive layer. Typical
passive layers include the oxides of aluminum (Ah03), chromium (Cr203), silicon,
(Si02) and titanium (Ti02).
The formation of a passive layer can slow or prevent waterwall tube
corrosion in fossil fuel fired burners by acting as a protective coating. One of the
benefits of passive layer formation is that it can be an inherent property of the alloy,
as in the case of a thermally grown oxide. Exposing the tube material to the
combustion environment results in the formation of the passive layer. The key lies
in getting the alloy to forn1 the passive layer properly; as stated earlier, many of the
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reactions that occur between the waterwall tube and the combustion environment
result in corrosion products that are non-protective.
Of the many different corrosion products that can form on waterwall tubes,
two in particular have received much attention in high temperature corrosion
research because they posses most or all of the properties of an ideal passive layer.
Chromium oxide (Cr203) and aluminum oxide (Ah03) have been found to act as
passive layers in that once they form, the corrosion rate is markedly reduced2.
1.2.2 Passive Layer Formation
The formation of a chromia or alumina passive layer is brought about by the
reaction between oxygen from the combustion environment and chromium or
aluminum in the waterwall tube:
M (s) + Y2 O2 (g) --. MO (s)
where M is a metal element and MO is the metal oxide.
In a review high of temperature corrosion3, Meier discusses the formation of
a passive layer on an alloy of base metal A with solute additions of B. In order for
the oxide of B only to form, there must be sufficient quantity of B available for
reaction, and the oxide ofB must be more stable than the oxide of A. If the oxygen
partial pressure is too low to oxidize A, then the oxidation reaction of B will occur
by either one of two mechanisms. If the concentration of B is low, oxygen will be
transported inward by diffusion, causing the formation of B oxide behind the
oxideJmetal interface; this is temled internal oxidation. If the concentration ofB is
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sufficiently high, solute B will be transported outward by diffusion and B oxide will
be formed as an external layer (Figure 1).
In many high temperature corrosion environments, more than one oxide may
form at the same time2,3. The period of competing growth among metal oxides is
termed transient oxidation. Stott et at2 have developed a model of the transient
oxidation using a Ni-20%Cr alloy as an example. Upon exposure to the oxygen
containing environment, nuclei of three stable oxygen rich phases, in this case, NiO,
Cr203 and NiCr204, begin to form (Figure 2a). NiO grows more rapidly than the
other oxides, and it begins to form a continuous layer on the surface that eventually
overgrows the Cr203 oxide nuclei (Figure 2b & c). This layer ofNiO then serves as
a source of oxygen at the NiO-metal interface. The oxygen dissociates from the
NiO and can react with the chromium to form Cr203 either at the interface or
internally. The Cr203 continues to form until a 'healing layer' is created (Figure
2d). The high inter-diffusivity of Cr in the metal, and the low solubility and
diffusivity of oxygen in the metal allow this healing layer to form without a
substantial amount of internal oxidation. Wood and Stott have reported a similar
mechanism for the formation of Ah03 on Ni-AI alloys.4
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1.2.3 Passive Layer Growth
Once initial formation of a passive layer has occurred, its continued growth
is dependent on the transport of metal and oxygen species through the existing layer.
There are three main pathways for this transport: macroscopic defects, grain
boundaries and crystal defects.
The scales that form on waterwall tubes inevitably contain some type of
defect, due to, for example, stresses induced during growth, poor adhesion to the
substrate or porosity due to rapid or incomplete growth. Cracks and voids can act as
rapid transport pathways for oxygen (or other active elements) to travel from the
atmosphere to the passive layer, where further reaction with the passive layer metal,
AI or Cr, can occur. The driving force for the flow of oxygen through the scale is
the pressure gradient that exists across it. In an examination of high temperature
oxidation of alloys5, Wood presented the case of a single simple oxide, NiO, on pure
nickel as an example of oxide growth. There exists in the scale an oxygen pressure
gradient that is bound by the partial pressure of oxygen in the combustion
environment at the oxide surface, and the dissociation pressure of the oxide at the
oxide/metal interface (Figure 3). This gradient is the driving force that promotes the
transport of oxygen through the existing scale to the passive layer at the interface.
The same oxygen concentration gradient also provides the driving force for
oxygen diffusion down the scale grain boundaries2, the second passive layer growth
mechanism. 6 The formation of oxide ridges at grain boundary locations has been
cited by Felton and Pettit7 in alumina layers and by Caplan and Sproule" in chromia
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layers as evidence of this mechanism. As oxygen diffuses along the gram
boundaries, it can react with any unreacted aluminum or chromium that may be
present in the grain bour:tdary. This process will allow for the formation of new
oxide within the existing layer, causing the formation of ridges at grain boundary
locations4.
The final mode of transport of both oxygen and metal species is defect
diffusion. Point defects, such as vacancies and interstitials, are always present in the
oxide layer. Specifically, two types of defects that may exist: Frenkel and Schottky.
A Frenkel defect is a combination of an cation - interstitial pair and a cation
vacancy; a Schottky defect is a cation and anion vacancy pair. When Schottky
defects exist in the scale, both anions and cations will be mobile. If Frenkel defects
predominate, only cations will be mobile. Typically, both mechanisms are active in
most scales9. The rate of each mechanism, and which mechanism is dominant in a
particular oxide or sulfide is difficult to determine and various results have been
published on these transport mechanisms6 5,10,11.
It should be noted that these growth mechanisms apply not only to the
passive layer, but to all of the oxides and sulfides that make of the corrosion
product. Whatever the specific mechanism of transport, the growth of a passive
layer, or of any oxide or sulfide scale, is determined by the slowest, rate limiting
step. Growth of a corrosion product relies on the reaction of metal and an active
element, oxygen in the case of alumina and chromia. If there is direct contact
between the metal and the oxygen, then the grO\\'th of the oxide should be constant.
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If a dense, defect free oxide is formed on the metal initially, then the oxygen and
metal atom or ions must travel through this layer for any further reaction to occur.
The kinetics ofa corrosion reaction can be characterized into one ofthree categories
depending on how fast the corrosion product forms and Wows12.
If there is direct constant contact between the metal and the reactant, then the
corrosion rate will be linear. The corrosion rate is constant, and new corrosion
product is always being formed at this constant rate. The weight gain, which is
representative of the newly formed corrosion product, can be expressed as:
w =kr(t)+C
where w is the weight gain per unit time, kl is the linear rate constant, and C is a
constant (Figure 4). Linear corrosion kinetics occur when the corrosion product is
non-protective due to cracks, voids or pores, or in the initial stages of corrosion
when the metal surface has not yet formed a continuous layer of corrosion product.
In the case of complete coverage by a corrosion product, growth of new
oxide will be dependent on diffusion through the existing scale; diffusion is the rate-
limiting step. The corrosion kinetics are then classified as parabolic and can be
represented by
and kp is the parabolic rate constant. Due to the dependence on diffusion, the
equation for parabolic corrosion has the form ofFick's second law ofdiffusion.
The final type of corrosion kinetics occurs when the corrosion scale that
forms on the mctal prevcnts further reaction between the gas and metal. In
'\. 10
logarithmic corrosion, a dense continuous oxide forms rapidly and dramatically
slows the corrosion rate by slowing or preventing the diffusion of the reactive
species. This is the behavior of an ideal passive layer. It may be modeled as:
w =ke *log(Ct +A)
where Ice is the logarithmic rate constant, and A is a constant.
These categories represent ideal corrosion kinetic behavior. It should be
noted that in practice, the corrosion of an alloy may not fall precisely into anyone
classification during high temperature corrosion.
1.2.4 Passive Layer Breakdown
The formation and growth processes of a passive layer are inherently non-
ideal. In a review of oxide growth13, Stringer discusses some possible causes of
stress generation in growing oxide films. Stresses may arise from the metal lattice
converting to the oxide lattice, recrystallization of the scale, epitaxy effects, changes
in composition of the metal or oxide; the non-elimination and subsequent
accumulation of point defects, or by formation of oxide with the oxide layer.
Eventually, as the stresses in an oxide layer increase, the layer will no longer
be able to support the stress and will respond with some type of stress relieving
mechanism. Such relief mechanisms include buckling, blistering, shear cracking,
flaking and void coalescence13 . Any cracks or voids in the passive layer will act fast
diffusion paths and rapid or breakaway corrosion can result. It is well documented
that many oxide layers crack and spall during high temperature corrosion; this is
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clearly related at least partially to stresses 10 the oxide or at the metal/oxide
interfaceS.2,14
Inability to accommodate stress and subsequent mechanical failure is not the
only cause of passive layer breakdown. Incomplete coverage of the alloy by the
oxide layer can also be considered passive layer failure, in that the metal will not be
completely protected. Tomaszewicz and WallworklS have proposed a mechanism in
which there is a co-development of both aluminum and iron oxides, similar to a
period of transient oxidation. The alumina eventually forms a continuous layer, but
the iron oxide remains at selected sites within the alumina. These iron oxide
clusters continue to grow and form higher oxides, Fe203 and Fe304 (Figure 5). The
clusters react with the surrounding aluminum oxide to fonn a spinel phase, FeAh04.
The growths begin to take on the shape of nodules, and grow both into the alloy and
out from the surface. Eventually, the oxygen partial pressure at the nodule/metal
interface becomes too low to support continued formation of iron oxide. Aluminum
oxide then begins the form at the interface, eventually connecting the regions of
continuous alumina the initially formed on the surface. Iron oxide is not a passive
layer in that it does not prevent or slow the diffusion of metal and oxygen atoms; the
presence of such nodule will prevent passivation and allow for localized attack.
Banovic et al 16 observed the formation of nodules on Fe-AI alloys in both
reducing and oxidizing high temperature environments. Kinetic results from the
reducing environment led to the proposal of nodule formation ditTering from that of
Tomasze\\'icz and \Vallwork. The initial corrosion rate was low, indicating that a
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protective layer had formed and was effective at slowing the diffusion of sulfur into
the alloy, and iron outward. The corrosion rates dramatically increase, however,
indicating that the protection afforded by the initial scale eventually breaks down.
The kinetic data and microscopic and chemical examination led to the conclusion
that nodule formation did not occur at the same time as the formation of the
protective scale, as is put forth in the Tomaszewicz and Wallwork theory. It was
instead proposed the following nodule formation mechanism: 1) a continuous layer
of aluminum oxide is formed on the surface of the alloy and protects it from further
corrosion (Figure 6a); 2) a mechanical defect or flaw in the alumina leads to its
mechanical breakdown, allowing for the influx of sulfur (Figure 6b); 3) this
exposure of the alloy to the environment then promotes the formation of iron oxides
and sulfides, leading to an increase in the corrosion rate and a loss of passivation.
Passive layer failure due to the formation and penetration of other corrosion
products like iron oxide or sulfide, or due to a mechanical defect, such as a crack or
void, wiII lead to a loss of corrosion protection. The basis of corrosion protection
by passive layer formation is to develop and maintain a continuous layer that
prevents the transport of metal species from the alloy and reactive gaseous species
from the environment. Both mechanical failure and the formation of additional
corrosion products through the passive layer undermine this principal by providing
rapid diffusion paths between the metal and the environment.
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1.2.4 Summary
The formation of a passive layer on a metal is an ideal means of slowing or
halting excessive high temperature corrosion. A passive layer protects the
underlying metal by preventing direct contact and continued reaction the metal and
reactive species. Developing the passive layer properly is a complicated process
.'
that is difficult to control and depends on the composition of the alloy and the
gaseous environment. Maintenance of the passive layer is important in that any
I
breech in the integrity of the layer may allow rapid transport of both metal and
reactive species and thus attack of the base metal. Breakdown of the passive layer
can be caused by cracking or spallation, and often results in the formation of non-
protective corrosion products.
1.3 Sulfidation of Nickel Based Alloys
The combustion environment in a typical low NOx boiler can range from
sulfidizing to oxidizing in nature. Formation of protective metal oxides becomes
increasingly difficult with decreasing oxygen partial pressure. The presence of H2S
and S02, byproducts of fossil fuel combustion, can result in the formation of metal
sulfides on waterwall tubes. At very low oxygen partial pressures, the formation of
metal oxides can be completely suppressed in favor of sulfidation. Mctal sulfides
are Icss protective than mctal oxides, and also have low melting point eutectic
phases. If these phases are in contact with the metal \vaterwall tube and the wall
temperature is high enough to cause melting, hot corrosion can occur, which can
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lead to accelerated waterwall wastage. Many of the weld overlay alloys currently
used in low NOx boilers are nickel based superalloys; the subject of sulfidation of
nickel based alloys will now be discussed.
Nagarajan et all? examined the corrosion of nickel and iron based alloys in
CO-C02-S02 environments. The authors' model, (Figure 7) considers the
sulfidation of a binary Ni-Cr alloy at 900°C. This temperature is considerably
higher than the 500-625°C temperature typically observed for fossil fuel fired
boilers, but the model the authors present is a good starting point for a discussion of
nickel sulfidation. Exposure of the Ni-Cr alloy to the corrosive gas results in
formation of Cr203 nuclei (Stage I). Formation of nickel oxide does not occur,
assuming that there is sufficient chromium in the alloy for Cr203 to form. Depletion
of chromium in the alloy due to the formation of Cr203 occurs, however, and nickel
sulfide nuclei can form and outgrow the chromium oxide (Stage II). Nickel sulfide
is in its liquid state at 900°C, and rapid transport of both oxygen and sulfur through
the nickel sulfide can occur (Stage III). Reaction between outwardly moving
chromium and inwardly moving oxygen or sulfur can lead to formation of
chromium oxide or sulfide at the nickel sulfide - alloy interface (Stage IV).
Formation of a protective Cr203 layer on the alloy depends on the growth
rates of the chromium oxide and the nickel sulfide. If the chromium oxide can form
rapidly before sufficient alloy chromium depletion occurs to allow nickel sulfide
formation, then the corrosion kinetics will be slow. If chromium oxide does not
form completely over the alloy surface, such that nickel sulfide channels form
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within the Cr203 layer, the corrosion scale will be non-protective and corrosion
kinetics will be rapid.
Nagarajan et al I7 also examined the effect of certain alloy additions on their
model. Iron is a common addition to Ni-Cr alloys, and the authors determined that
its presence can playa role in the early stages ofoxidation. Formation of iron oxide
will occur alongside chromium oxide formation, lessening the number of locations
available for formation of nickel sulfide. It is postulated that the final corrosion
product would contain fewer nickel sulfide channels, and corrosion kinetics would
be reduced compared to iron free alloys. This hypothesis was supported by
corrosion tests with a wide range of alloys, both containing iron and iron free. It
was found that those alloys with iron (Inconel 618E, types 304, 310, and 347
stainless steel) developed an iron oxide scale within 30 minutes, and exhibited
slower corrosion rate than iron free alloys (Inconel 617 and Nimonic 86).
Molybdenum is also a common alloy addition to Ni-Cr alloys, and the
authors found that it did not effect the initiation stage of oxidation of the Ni-Cr
alloy. If internal molybdenum sulfides form during oxidation, however, this
element could playa role in the propagation stage. The effect of molybdenum on
the corrosion rate was not examined.
A study of the role of molybdenum In the sulfidation of nickel was
performed by Chen and Douglass. IlI Both single phase (Ni-IOMo, Ni-20Mo and
Ni4Mo [Ni-29Mo]) and two phase (Ni-30Mo and Ni-40Mo) alloys were examined.
It was found that the corrosion rate increased with increasing molybdenum
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concentration, and that there was no significant difference in corrosion rate between
single phase and two phase alloys. The corrosion scales on all alloys consisted of an
outer nickel sulfide layer and an inner complex layer. Marker location studies found
that the outer scale formed by outward diffusion of nickel, and the inner scale
formed by inward diffusion of sulfur. It was observed that both nickel sulfide and
molybdenum sulfide nucleated simultaneously and the nickel sulfide (NiS 1+x)
overgrew the molybdenum sulfide to form a continuous outer layer.
The inability to prevent the formation of outer nickel sulfide the alloys
examined was discussed in detail. Firstly, the stabilities of both the nickel and
molybdenum sulfide were relatively similar, so sulfidation of nickel and
molybdenum occurred simultaneously, with little tendency to selectively sulfidize
molybdenum.
The authors state that the key reason for the inability to suppress nickel
sulfide formation is that MoS2 is inherently non-protective. All alloys were found to
form a continuous layer of MoS2 that was ineffective at preventing nickel
sulfidation. Due to the fact that outward nickel diffusion was found to be
responsible for the formation of the nickel sulfide layer, the authors concluded that
rapid transport of nickel through the MoS2layer had occurred.
Tieamey and Natesan19 examined several commercially available nickel
based alloys, including Hastelloy C-276, Hastelloy X, Haynes 25, Haynes 188,
Inconel 718 and Inconel 738 in several CO-CO-Ct4-H2-H2S atmospheres. It was
found that all alloys except the oxide dispersion strengthened MA6000E exhibited
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sulfide scales in every experimental exposure condition. Though several corrosive
gas compositions were examined, special attention was paid to a particular
environment termed Regime 3, with POl=1.2x10-23 and ps.z=1.IxlO-8 at 923K and
POl=4.lxlO-18 and ps.z=9.4xlO-7 at 1144K. The corrosion scales formed in this
atmosphere were generally mixtures of base metal sulfide, chromium sulfide,
chromium depleted alloy and a base metal oxide. Again, the test temperatures in
this study were sufficient to cause melting of nickel sulfide, and if formation of
nickel sulfide was formed in significant quantities, the corrosion rate would be
accelerated due to the presence ofthis molten phase.
The authors present a model of corrosion scale formation in this regime
(typical of low-Btu gasifiers) that is applicable for numerous complex alloys of
varying composition (Figure 8). In Stage L protective metal oxides (Cr, Ai, Ti,
depending on alloy composition) begin to form alongside sulfides of the base metal
(Fe, Ni, Co). The faster growing base metal sulfide overgrows the oxides, and
eventually covers the alloy surface completely (Stage II). Reaction between the
base metal sulfide and chromium in the alloy leads to the formation of chromium
sulfide, by outward cation diffusion, and base metal ions (Stage III). The base metal
ions then migrate through the scale to the gas-scale interface to react with sulfur.
Voids and pores are formed as these reactions occur, and the authors state that
grO\vth stresses at the sites lead to the dissociation of the scale and formation of
sulfur vapor. Internal chromium-rich sulfides then form by reaction of the sulfur
vapor and chromium in the matrix (Stage IV). Thus in the regime studied by the
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authors, scales could have one oftwo different morphologies (from the alloy surface
out): a porous sulfide-oxide subscale, an inner mixed sulfide layer, and a solid base
metal sulfide outer scale, or (Cr, AI, TI) oxi~es in an eutectic base metal-sulfide
matrix, followed by a region of chromium depleted alloy, and an outer layer of
multiphase chromium sulfide islands. The effect of other alloying elements and
their concentration was not stated by the authors.
A study of nickel molybdenum alloys in hydrogen-water vapor-hydrogen
sulfide gas mixtures was performed by He, Douglass and Gesmund020. Annealed
alloy coupons containing up to 40wt% molybdenum were tested at temperatures
ranging from 550°C to 800°C. It was found that the corrosion rate decreased with
increasing molybdenum content, and most corrosion scales were double layered, the
outermost layer containing no molybdenum. The corrosion rates for the alloys
studied, while they decreased with increasing molybdenum content, were
approximately three orders of magnitude greater than the corrosion rate of pure
molybdenum. A continuous layer of MOS2 was observed between the base metal
and the outer layer. The authors state that incorporation of nickel between adjacent
internal sub-layers ofMoS2created easy diffusion paths for nickel atoms. The non-
protective nature of the MOS2 layer allowed formation of the outer NhS2 layer. It
was postulated that the decreasing corrosion rate with increasing molybdenum
composition relationship was due to the formation of increasing amounts ofMoS2 in
the inner region of the scale.
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The authors also compared the results of the Ni-Mo alloys in the mixed
hydrogen-water vapor-hydrogen sulfide gas to the results of the same alloys
corroded in pure S2. It was found that there was a reduction in corrosion rate by
more than an order of magnitude in the mixed gas environment. This was attributed
to a decrease in the partial pressure of sulfur in the mixed gas atmospheres
compared to the pure S2 gas.
1.4 Summary
The accelerated corrosion of boiler tubes in typical low NOx environments is
resulting in unacceptable boiler tube wastage. Weld overlay coatings are the most
cost effective solution to the problem, but the alloys currently used for overlays are
expensive. The corrosion resistance of a weld overlay lies in its ability to fonn a
passive layer that acts as a diffusion barrier between the weld metal and the
corrosive environment. Growth and maintenance of the passive layer is crucial to
long term corrosion resistance. Ideal passive layers include Ah03 and Cr203,
although many different metal oxides may prevent continued corrosion of the
underlying metal. Sulfidizing environments are especially corrosive, in that non-
protective metal sulfides may form. It is often difficult to fonn protective oxides in
these environments, due to the low partial pressure of oxygen. Environment as well
as alloy composition are important factors that affect the character of the corrosion
product that fonns.
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2.0 Evaluation of Candidate Alloy Corrosion Resistance
"High Temperature Corrosion Resistance of ThyssenKropp VDM Candidate
Alloys in Simulated Low NOx Environments"
2.1 Introduction
Ij
In this program, three nickel based weld overlay alloys developed by
ThyssenKrupp VDM USA Inc. were subjected to a series of high temperature
corrosion experiments, including isothermal, cyclic temperature, cyclic gas and long
term exposures. The corrosion environments were modeled after typical low NOx
boiler atmospheres and ranged from sulfidizing to oxidizing in nature. The
commercially available nickel based weld overlay alloy 622 was tested alongside
the candidate alloys to serve as comparison. The objective of this study was to
identify the alloy(s) that have similar or improved corrosion resistance over alloy
622. The mechanism for the corrosion resistance of the candidate alloys will also be
identified.
2.2 Experimental Procedure
Weld overlays of alloys 3033, 5020 and 5923 were prepared by
ThyssenKrupp VDM USA Inc. using the gas metal arc welding (GMAW) process.
Samples of the weld overlays were sectioned and mounted for light optical
microscopy. All-weld-metal samples for corrosion testing were removed by wire
electro-discharge machining (EDM) and ground to 600 grit SiC on all faces, edges
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and corners. The samples were immersed in picral to check for the presence of base
metal; those testing positive were rejected. Sample were measured to the nearest
hundredth of a millimeter, cleaned in acetone and then weighed to the nearest tenth
ofa milligram on a digital balance.
Gaseous corrosion testing was carried out using three simulated low NOx
gases (Table 1). The gases range from sulfidizing to oxidizing, as indicated by the
partial pressures of oxygen and sulfur listed in the table. The gases were supplied
by the manufacturer without any added water vapor. Water was added to the gases
in the hot zone of the testing furnace, using a syringe pump with a capillary tube.
The flow rate of the pump was adjusted to provide the correct amount of water, as
reported for each gas in Table 1.
Gaseous corrosion experiments of 100 hours exposures were conducted
using a Netzsch STA 409 high temperature thermogravimetric analyzer (TGA).
Figure 9 shows a schematic diagram of the TGA, capable of both cyclic gas and
cyclic temperature testing. The bottom half of the TGA contains a sensitive
balance, attached to a stem that runs into the furnace on the top half for measuring
the weight gain of the test coupon. The corrosive test gas is passed through the
furnace, and the balance is filled with argon. The reactions that occur between the
alloy and corrosive gas result in the formation of metal-oxides and -sulfides on the
coupon surface. The growth of these corrosion scales leads to an increase in the
weight of the test coupon, which is recorded by the balance in the TGA. The TGA
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produces kinetic curves, which represent the weight gain of the test coupon over
time.
For isothermal tests, samples were heated at 50a C/min and held at 500aC for
100hrs. Tests were conducted in all three simulated low NOx gases. Cyclic
temperature tests were conducted in the same apparatus, with a heating rate of
50aC/min in the mixed oxidizing / sulfidizing atmosphere. The temperature was
cycled from 500aC to 350aC with 4 hour holds at each temperature for a total test
time of 100 hours. In the cyclic gas, constant temperature (500a C) experiments, the
furnace environment was cycled between oxidizing and sulfidizing, starting with
oxidizing, with 8 hour holds in each atmosphere. A final 4 hour hold in the
oxidizing atmosphere was included to bring the total length of the test to 100 hours.
Long term isothermal tests were performed in Lindberg horizontal tube
furnaces, equipped with high purity alumina process tubes, Kanthal heating
elements and Platinel II thermocouples, (Figure 10). Weld overlay coupons were
suspended in alumina crucibles in order to collect any spalled corrosion scale,
(Figure II). The samples were heated at 50aC/min and held at 500aC for 100, 500,
1,000 and 2,000 hours. The isothermal tests were conducted in the mixed oxidizing
/ sulfidizing atmosphere only. The normalized weight gain of the coupon was
determined by measuring the coupon before and after the test; measurements of the
coupon weight after the test included any spalled material that was captured in the
crucible.
To allow for comparison of the candidate test alloys to a commercially
available weld overlay alloy, Inconel 622 was tested alongside the candidate alloys.
In the tube furnace tests, two candidate alloys and alloy 622 were tested
simultaneously in one furnace, to eliminate any variation in the data due to
differences in furnaces.
Corroded test coupons were mounted in cold setting epoxy and ground
through 600 SiC. Polishing was performed on 6flm and 1flm diamond, with final
polishing on 0.05 colloidal silica. Light optical microscopy (LOM) was used to
analyze the surface and polished cross sections of the corrosion scales. Qualitative
and quantitative analysis of corrosion scale compositions and microsegregation in
the weld metal was performed on a lEOL 733 Microprobe equipped with
wavelength dispersive spectrometers. A phi(pz) correction scheme was used to
correct for absorption and fluorescence of x-rays that occurs during electron probe
microanalysis (EMPA).
2.3 Results
2.3.1 Initial Characterization of Weld Overlays
Filler metal compositions, supplied by ThyssenKrupp VDM USA Inc., are
shown in Table II. Alloys 5020 and 5923 were nickel-based, with variations in iron,
chromium and molybdenum content. Alloy 3033 was a near equal mix of iron
nickel and chromium, with a small addition of molybdenum. Cross sections of the
weld overlays were mounted and prepared for metallographic analysis (Figure 12
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through Figure 14). These figures show the various structilres that developed in the
welds, including the cellular or dendritic weld metal, the martensitic structure in the
base metal and the partially mixed zone. No welding defects were observed in the
welds, and these microstructural features are typical of those observed in
commercial weld overlay coatings.
In order to calculate the amount ofweld dilution in the overlays, coupons of all-
weld metal were removed for chemical analysis. The amount of iron, nickel and
chromium in the weld metal were measured (Table III). The dilution calculation is
a variation ofthe rule of mixtures:
(1)
where Cifz is the concentration of element i in the fusion zone, Cibm IS the
concentration ofelement i in the base metal, Cifm is the concentration ofelement i in
the filler metal, and D is the weld dilution. The values of Cifz are known from the
chemical analysis of the all-weld metal coupons, Cibm is known (assuming a
substrate of plain carbon steel), and the values of Cifm, the composition of the
welding wire, were supplied by ThyssenKrupp VDM USA Inc. Equation (1) can be
re-written so as to solve for the dilution, D:
D = Cfz -Cfm
Cbm -Cfm
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(2)
The dilutions for each sample were calculated for iron, nickel and
chromium. These three values were averaged to obtain an overall dilution for the
weld sample. (Iron and nickel only were averaged for the dilution value of alloy
622.) Table IV lists the averaged dilution values, along with the compositions used
in the calculations.
Quantitative compositional analysis was performed on the weld overlays to
measure the amount of microsegregation of chromium, iron, nickel and
molybdenum (Figure 15 through Figure 20). It can be seen in Figure 15 that very
little microsegregation occurred for alloy 3033. In contrast, Figure 17 and Figure 19
illustrate that considerable molybdenum microsegregation was observed for alloys
5020 and 622, respectively.
2.3.2 Isothermal, Constant Gas, 100 Hour Tests
The 100 hour isothermal TG tests were carried out on all three candidate
weld overlay alloys and alloy 622 in the sulfidizing, mixed oxidizing / sulfidizing,
and oxidizing gases (Table 1). To examine the effect of water vapor on the
corrosion behavior of the candidate alloys, tests in the sulfidizing gas were
performed in both wet and dry conditions. The results are shown in Figure 21
through Figure 24.
In the dry sulfidizing gas, Figure 21, alloy 622 showed minimal weight gain,
followed by alloys 3033, 5923, and 5020. This order of performance was repeated
in the wet sulfidizing gas, Figure 22, with greater overall weight gains for all tested
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alloys. This behavior was expected; it has been reported21 ,22 that wet environments
are more severe than dry. In this wet sulfidizing gas, alloy 622 exhibits logarith.!nic
corrosion kinetics, which indicates that the corrosion scale that is forming is
providing some protection to the underlying metal. Alloys 5020 and 5923 exhibit
linear kinetics in the wet sulfidizing gas, indicating that the corrosion product that
was forming did not protect the underlying weld metal. The performance of alloy
3033 lies somewhere in between these two extremes. While the corrosion scale that
forms is not completely protective, the rapid scale growth kinetics seen with alloys
5020 and 5923 were not observed for alloy 3033. It is possible that the corrosion
product on alloy 3033 was acting as a diffusion barrier to slow the rate of attack by
the corrosive gas.
Figure 23 presents the kinetic data for all alloys exposed to the mixed
oxidizing / sulfidizing gas. The order of performance for this environment, from
best to worst, is 5020, 3033, 622 and 5923. In contrast to the sulfidizing gas, both
alloys 3033 and 5020 exhibit slower corrosion kinetics than alloy 622. It is also
important to note after an initial period of rapid kinetics, the rate of weight gain for
alloy 5020 slows dramatically, as evidenced by the very low slope of the kinetic
curve. This behavior was verified by conducting a second test of alloy 5020 in this
gas.
In the oxidizing gas, (Figure 24), all candidate alloys performed well; the
kinetic curves for the alloys lie along the x -axis, indicating that any weight gain
that may have occurred was less than the detectability limit of the testing apparatus.
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The minimal difference between the curves for alloy 622 and the other alloys is
within the experimental error of the TG apparatus.
Figure 25 is a summary of the normalized weight gain data for all alloys in
both the sulfidizing and the mixed oxidizing / sulfidizing gases. It can be seen from
this figure that alloys 3033 and 5020 offer improved corrosion resistance over alloy
622 in the mixed oxidizing / sulfidizing environment at 100 hours, while alloy 5923
performed worse than alloy 622 in all environments. Upon completion of these
initial short term tests, it was decided to remove alloy 5923 from the remainder of
the testing program.
Figure 26 displays the photomacrographs of all corrosion coupons from the
100 hours isothermal, constant gas exposures. There are several differences in the
appearance of the scale for the different tests. It can be seen that all three candidate
alloys do not develop a thick scale in the oxidizing gas, as grinding marks from the
coupon preparation are still visible after exposure. Alloy 622 in this environment
did produce a corrosion scale, evidenced by the blackened appearance of the test
coupon. Alloys 622 and 5923 developed thick multi-layered scales in the sulfidizing
and mixed oxidizing / sulfidizing gases. The coupons from these tests exhibit a
silver under-scale that is decorated by a thick black over-scale.
The 100 hour isothermal exposures served as a preliminary ranking tool for
the candidate alloys, and resulted in the removal of alloy 5923 from the test
program. In order to further examine the corrosion behavior of alloys 3033 and
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5020, cyclic gas, cyclic temperature and isothermal long term corrosion tests were
performed.
2.3.3 Cyclic Temperature, Constant Gas, 100 Hour Tests
Using the same TG testing apparatus, 100 hour cyclic temperature tests were
conducted in the mixed oxidizing / sulfidizing environment. The temperature was
cycled from 5000 e to 350oe, beginning with 500°e. Isothermal holds at each
temperature were for 4 hours. The results from the test are shown in Figure 27,
which illustrates that alloy 3033 performs better than both alloy 5020 and alloy 622
under cyclic temperature conditions. When the cyclic temperature results are
compared to the isothermal results (Figure 28), it becomes evident that temperature
cycling significantly reduces the corrosion resistance of alloy 5020. In contrast,
alloy 622 shows increased corrosion resistance under cyclic temperature conditions,
and alloy 3033 is not significantly affected by temperature cycling. The LOM
photomacrographs of the coupons from the cyclic temperature tests are shown in
Figure 29. Alloys 3033 and 5020 developed uniform scales that did not spall
extensively, while alloy 622 developed a silver under-scale that was decorated with
a thick black over-scale.
2.3.4 Isothermal, Cyclic Gas, 100 Hour Tests
The alloys were subjected to isothennal, 100 hour, cyclic gas testing
(oxidizing to sulfidizing) (Figure 30) in order to simulate actual low NOx burner
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conditions. Changes in the combustion gas composition can occur during start-up,
due to atmospheric conditions, or changes in coal composition. Alloy 3033
performed better than both alloy 5020 and alloy 622. The test for alloy 5020 was
terminated at approximately 50 hours, as it became evident that the corrosion
resistance of this alloy in this environment was significantly worse than that of alloy
3033. For comparison, the cyclic gas kinetic curves are shown together with the
kinetic curves from the constant sulfidizing gas experiments in Figure 31. (The
results of the oxidizing tests are not included in this figure because all kinetic curves
lie along the x axis, due to the low weight gain.) Alloys 3033 and 5020 performed
better in the cyclic gas condition, while alloy 622 performed worse. The LOM
macrographs of the coupons from the cyclic temperature tests are shown in Figure
32. The poor adherence of the corrosion scale on alloy 3033 in this environment is
evident from this figure. Arrows indicate areas on the sample where the corrosion
scale has curled upon itself on the coupon face, and flaked off of the coupon edge.
Additionally, the variations in the scale color for alloys 5020 and 622 indicate that
the scale that forms is not uniform or has not completely covered the coupon.
2.3.5 Isothennal, Constant Gas Long Term Tests
To further investigate the corrosion performance of alloys 3033 and 5020,
long term exposure tests were conducted in horizontal tube furnaces (Figure 10 and
Figure 11) in the mixed oxidizing / sulfidizing gas. Isothermal, constant gas tests
were carried out to 100, 500, 1,000 and 2.000 hours at sooae.
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Unlike the thermogravimetric (TG) tests, the tube furnace tests do not
generate continuous kinetic data; normalized weight gain is recorded upon
completion of the test, yielding one data point per test. By combining the data from
all 4 tests, however, an overall kinetic curve can be plotted. Figure 33 shows the
weight gain data for alloys 3033, 5020 and 622 for all long term exposures. The
best fit lines indicate that alloy 3033 offers the best corrosion resistance of the three
alloys in this environment. Alloy 5020, which showed good corrosion resistance in
the short term test (Figure 23), experienced severe attack in the long term tests.
Figure 34 displays the alloy coupons after each exposure. It is clear that
alloys 5020 and 622 developed thick friable scales, while the scale on alloy 3033 is
more compact and less friable. Additionally, the scale on alloy 5020 after 1,000
hours exposure is extensively spalled; large sections of the scale broke away during
removal of the coupon from the test crucible. In contrast, alloy 3033 did not
experience any significant spallation during coupon handling.
2.3.6 Qualitative Corrosion Scale Analysis
Use of an electron microprobe equipped with a wavelength dispersive
spectroscopy (WDS) system allows for the generation of elemental maps of the
corrosion scale. These maps illustrate the distribution of different elements in the
corrosion scale, and while the data is not quantitative, the brightness of a section of
a map is directly proportional to an element's concentration in that section - the
brighter the region, the higher the concentration.
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Corrosion test coupons from the 100 hour TG tests in the sulfidizing and
mixed oxidizing / sulfidizing gases and from the 2,000 hour tube furnace test in the
mixed oxidizing / sulfidizing gas were examined. The electron microprobe was
used to generate x-ray maps of the corrosion scales for iron, nickel, chromium,
molybdenum, oxygen and sulfur. Iron nickel and chromium x-rays were detected
using EDS, and molybdenum, oxygen and sulfur were detected using WDS. Peak
overlaps between chromium and oxygen, and molybdenum and sulfur can make
analysis with EDS alone difficult. WDS utilizes wavelength diffraction to isolate
the elements of interest, providing improved resolution over EDS. Using WDS to
detect oxygen eliminates the problem of peak overlap between oxygen and
chromium. Even when detecting both molybdenum and sulfur with WDS, the
isolation of these peaks is not complete, however, and some peak overlap between
these elements was observed in the analysis. Figure 35 through Figure 40 depict the
microprobe maps for coupons from the 100 hour TG tests in the sulfidizing and the
mixed oxidizing / sulfidizing gases.
2.3.7 Quantitative Corrosion Scale Analysis
Quantitative analysis of the corrosion scale was also perfonned using the
electron microprobe. Point analysis was performed on both the internal corrosion
scale and the underlying weld metal (Table V). While peak overlap between
molybdenum and sulfur precludes the use of these results as absolute quantitative
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data, the results can be used for qualitative companson of scale composition
between the three alloys examined.
2.4 Discussion
2.4.1 Initial Characterization of Weld Overlays
The weld metal dilutions calculated from the weld metal compositions vary
from approximately 5 to 11 %, and these values are consistent with those typically
observed in field practice. Additionally, the microstructures of the weld overlays
are typical of as-welded structures. It was concluded that the weld overlay process
was performed properly and that the overlay structures were typical of those used
for low NOxboiler waterwall tubes.
The compositional homogeneity of the weld overlays was examined using the
EPMA and it was found that molybdenum segregation occurred in alloys 5020 and
622 (Figure 15 through Figure 20). The segregation of molybdenum is effected by
the initial concentration of molybdenum in the alloy. It is expected that alloys with
a higher molybdenum concentration would exhibit more segregation, and this
relationship was observed for the alloys in this study. Alloy 3033 (2wt%
molybdenum initial concentration) exhibits very little microsegregation of
molybdenum, Figure 15, with a difference of only 1 weight percent between the
measured maximum and minimum concentration. The segregation of chromium,
iron and nickel in this alloy is minimal as well. For alloys 5020 (Figure 17) and 622
(Figure 19), the difference between the maximum and minimum molybdenum
33
concentration is approximately 7wt% for both alloys. During solidification of these
alloys, microsegregation of molybdenum occurred, creating molybdenum enriched
interdendritic regions and molybdenum depleted dendrite cores. It is evident that
the small amount of molybdenum in alloy 3033 is more evenly distributed
throughout the microstructure than in alloys 622 and 5020.
It is clear from the results of the corrosion experiments that alloy 3033
exhibited the best corrosion resistance ofall three candidate alloys. Only alloy 5020
in the mixed oxidizing / sulfidizing gas performed as well as alloy 3033. However,
alloy 5020 exhibited very poor corrosion kinetics in the cyclic and long term
exposure tests. Additionally, alloy 3033 showed improved corrosion resistance over
alloy 622 in the mixed oxidizing / sulfidizing gas, in the cyclic temperature test, the
cyclic gas test and the long term exposure test. The only environment in which
alloy 3033 did not rank highest in corrosion resistance is the 100hr TG exposure to
the sulfidizing gas, both wet and dry; alloy 622 showed less weight gain than alloy
3033 in these tests. In the following sections, the results from the individual
corrosion tests are discussed in detail.
2.4.2 Isothermal, Constant Gas, 100 Hour TG Tests
In the 100hr, isothermal, constant gas exposures, it was observed that the
sulfidizing environment was the most severe for the three candidate alloys, as
shown in Figure 25. This result was expected, as the wet sulfidizing gas is the most
reducing. making the formation of protective oxide layers difficult. Alloy 622, in
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contrast to the candidate alloys, performed better in the sulfidizing gas than in the
mixed oxidizing / sulfidizing gas. Since corrosion kinetics are governed by
complex reactions between elements in the alloy and reactive species in the gas,
alloy 622 may have been able to develop a more protective scale in the sulfidizing
gas than in the mixed oxidizing / sulfidizing gas. In the oxidizing gas, Figure 24,
the kinetic curves for all alloys lies along the x-axis. This does not indicate that the
alloys did not develop corrosion scales. Rather, the weight gains for the alloys were
below the detectability limit of the equipment. This environment was the least
aggressive of the three simulated combustion gases, containing the highest amount
of oxygen; the minimal weight gain for the alloys in the oxidizing gas was expected.
2.4.3 Cyclic Temperature, Constant Gas 100 Hour TG Tests
In the 100hr cyclic temperature experiments, Figure 28, the corrOSIon
kinetics of alloy 5020 are significantly increased over the isothermal exposure,
while alloy 3033 shows little difference in kinetics between the cyclic and
isothermal tests. Alloy 622 actually shows improvement in the cyclic environment.
The reactions that produce corrosion scales are effected by both time and
temperature, since they rely on diffusion of alloy elements for reactions to occur.
Additionally, the kinetics of the reaction itself tends to be slower at lower
temperatures. Compared to the isothemlal test, the temperature cycling in these
tests may have led to the fomlation of different corrosion scales, due to a change in
the diffusion rates of elements such as iron. nickel and chromium. Depending on
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their composition, the scale may be more or less protective than those formed in the
isothermal tests, leading to the change in corrosion kinetics.
Another factor that must be considered in the temperature cycle is the role of
thermal expansion. The weld metal and the individual corrosion scale layers will
have different coefficients of thermal expansion, due to their different compositions.
In severe temperature cycling, the stresses that generate. do to expansion and
contraction of the different layers can cause scale spallation. While little scale
spallation was observed for these alloys, the stresses generated by cycling might
have been sufficient to cause cracks in the corrosion scale. These cracks can act as
rapid diffusion paths, severely undermining the protection against further attack
offered by the corrosion scale.
2.4.4 Isothermal, Cyclic Gas 100 Hour TG Tests
Alloy 3033 also performed well in the isothermal, cyclic gas experiments
(Figure 30). The initial sulfidizing segment of the test resulted in extremely rapid
weight gain for alloys 5020 and 622, as evidenced by the slope of the TG curve,
while the kinetics of alloy 3033 in this segment are not as rapid. Also, the curve for
alloy 3033 becomes near horizontal as the test continues, indicating the corrosion
scale that formed was protecting the underlying alloy. The continued weight gain of
alloys 5020 and 622 are indicative a continued reaction between species from the
gas and the substrate.
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In Figure 31, it is clear that alloys 3033 and 5020 experience less weight
gain in the cyclic gas experiments than in the constant sulfidizing gas tests. This is
most likely due to the formation of more protective corrosion scale products in the
cyclic tests. When the alloy is exposed only to the sulfidizing gas, it is more
difficult to form metal oxides, which are typically better at protecting the alloy than
metal sulfides. In the cyclic gas test, the first segment was in the oxidizing gas, as
this most closely simulates field conditions. This initial exposure to the oxidizing
gas may have allowed thin protective metal oxides to form on the surface, providing
a degree of protection for the alloy.
2.4.5 Isothermal, Constant Gas Long Term Tube Furnace Tests
Figure 33 presents the long term weight gain for the alloys exposed to the
mixed oxidizing / sulfidizing environment after 100, 500, 1,000 and 2,000hrs.
Alloy 3033 exhibits the slowest corrosion kinetics of the three alloys, evidenced by
its low slope. Initial 100hr exposures to the same mixed oxidizing / sulfidizing gas
in the early TG experiments indicated that alloy 5020 would perform well in this
environment (Figure 23). The kinetic curve from this test changed slope
dramatically at approximately 10hrs and remained near horizontal for the duration
of the 100hr test, indicating that the corrosion scale was protecting the underlying
alloy. Examination of Figure 33 indicates that while the scale that forms on this
alloy may have been protective in the mixed gas up to 100hrs, it eventually broke
down and rapid corrosion kinetics took place. Alloy 3033, which also exhibited
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good corrosion resistance in the short term test, Figure 23, was able to maintain its
slow corrosion kinetics out to 2,000hrs. The differences in the behavior of these
alloys are related to the composition of the alloy, which ultimately controls the
composition of corrosion scale that forms.
2.4.6 Qualitative Corrosion Scale Composition Mapping
The electron microprobe maps presented in Figure 35 through Figure 46
provide more understanding into the role alloy composition plays in the corrosion
resistance of these alloys. For short term, 100 hour TG tests, corrosion coupons
from both the sulfidizing and the mixed oxidizing / sulfidizing were examined,
Figure 35 through Figure 40.
It can be seen in Figure 35 that alloy 3033 in the sulfidizing gas developed a
bi-Iayered internal corrosion scale. The inner most layer of this scale (closest to the
alloy) is rich in oxygen, sulfur and chromium. The outer layer of this scale is also
enriched chromium and sulfur, with less oxygen and more iron than the inner layer.
The external scale contains iron, nickel and sulfur.
The internal scale that formed on alloy 5020 contains oxygen, chromium and
molybdenum (Figure 36), while the outer layer is rich in iron, nickel and sulfur. It
is interesting to note that there are areas of chromium and oxygen depletion in the
inner scale of alloy 5020. It appears that these regions are enriched in molybdenum;
this will be addressed in more detail in a later section.
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For alloy 622 in the sulfidizing environment, a tri-Iayer scale developed
(Figure 37). The inner most layer contains sulfur, molybdenum, chromium and
iron. The second layer is significantly more enriched in chromium and iron than the
inner most and also contains sulfur. Nickel and sulfur dominate the outer most layer
in this scale; there are also regions of chromium, iron and oxygen enrichment.
In the mixed oxidizing / sulfidizing as, alloy 3033 developed a complex,
multi-layered scale, as shown in Figure 38. The inner most layer contains oxygen,
sulfur, chromium and molybdenum. The next layer has less oxygen, more sulfur,
similar chromium levels and also shows a slight enrichment of iron. The external
layer contains oxygen, sulfur, chromium, iron and nickel.
Figure 39 depicts the distribution of elements in the corrosion scale that
formed on alloy 5020 in the mixed oxidizing / sulfidizing environment. The inner
scale is rich in oxygen and chromium, with a slight presence of sulfur and
molybdenum. The outer scale is dominated by sulfur, iron and nickel, with a thin
layer enriched in molybdenum adjacent to the internal scale / external scale
boundary.
Alloy 622 developed a complex multi-layered scale in the mixed oxidizing /
sulfidizing environment (Figure 40). The inner most layer is rich in chromium,
oxygen and molybdenum. Sulfur begins to dominate the upper half ofwhat appears
to be the internal layer, coinciding with a decrease in the oxygen and chromium
concentration. The extemallater is rich in sulfur, iron and nickel.
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Electron microprobe mapping was also performed on corrosion coupons
exposed to the mixed oxidizing / sulfidizing gas for 2,000 hours in the horizontal
tube furnaces (Figure 41 through Figure 46). After long term exposure to this gas,
the scale on alloy 3033 contained an inner layer that was rich in oxygen and
chromium, while the external layer contained a mixture of oxygen, sulfur,
chromium, iron and nickel (Figure 41).
Alloy 5020 exposed to the mixed oxidizing / sulfidizing gas for 2,000hrs
also developed an internal layer that is dominated by chromium and oxygen. This
layer on alloy 5020, however, also contains some molybdenum, as evidenced by
Figure 42. The external layer is rich in sulfur, iron and nickel.
A similar corrosion scale developed on alloy 622 in the long term test.
Figure 43 shows an internal layer on alloy 5020 that is composed predominantly of
chromium and oxygen, with some presence of molybdenum. The outer scale
contains mostly sulfur, iron and nickel.
It has been well established that chromium oxide, Cr203, is a protective
oxide layer in high temperature environments. While the qualitative EPMA work
cannot identify the exact composition of the chromium and oxygen rich layer on the
long term corrosion test coupons, this layer most likely played an important role in
the corrosion resistance of the alloys. Due to the markedly different corrosion
kinetics observed for alloys 3033, 5020 and 622 (Figure 33), it was hypothesized
~
that this chromium and o:\:ygen rich layer had different properties (morphology,
composition, defect structure, etc.) for each alloy. Close examination of this layer
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on alloys 5020 and 622 (Figure 42 and Figure 43 respectively), reveals chromium
and oxygen depleted regions (dark regions in the otherwise brightly colored scale).
In order to understand the role of the chromium and oxygen rich inner layer,
higher-magnification and resolution EPMA maps of the inner corrosion scale were
generated for the same long term test coupons used in the previous EPMA analysis.
Figure 44 shows the inner scale region for alloy 3033. The image is not accurately
focused because ofthe high magnification (3,000x) required to image this layer, and
also because of electron charging due to the increased count time. The chromium
and oxygen rich layer is still discernable, however, and it is evident that this layer is
continuous and complete in the region imaged. Note also that it is less than 10llm in
thickness.
The same layer on alloy 5020 is presented in Figure 45. In contrast to alloy
3033, this layer is at least an order of magnitude thicker. It is also decorated with
regions that are depleted in both chromium and oxygen. Close examination of the
element maps presented in this figure reveals that the chromium and oxygen
depleted areas are rich in both molybdenum and sulfur. Additionally, the pattern of
molybdenum segregation observed in the weld metal, visible in the bottom of the
molybdenum map, is the continued in the inner corrosion layer. It is evident from
this figure that the chromium and oxygen rich layer is a product of internal
corroSIon.
Similar corrosion scale morphology is observed for the inner scale of alloy
622 (Figure 46). The chromium and oxygen depleted regions are enriched in both
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molybdenum and sulfur. Again, the microsegregation of molybdenum observed in
the weld metal is also observed in the corrosion scale, indicating internal corrosion
formed this layer. The thickness of this layer for alloy 622 is on the order of several
tens of microns.
2.4.7 Quantitative Corrosion Scale Analysis
It is evident from the qualitative EPMA maps that the presence of
molybdenum plays an important role in the corrosion resistance of the three alloys
examined. Alloy 3033, with only 2 wt% molybdenum, developed a thin, continuous
chromium and oxygen rich internal layer that is most likely responsible for this
alloy's corrosion resistance. In contrast, alloys 5020 and 622, both with
approximately 12 wt% molybdenum, exhibited chromium and oxygen depleted
regions that were molybdenum rich in the inner scale.
The line traces performed in the initial characterization revealed that
microsegregation of molybdenum was greater in alloys 5020 and 622 than in alloy
3033. The non-uniform distribution of molybdenum in the alloy is responsible for
the presence of the molybdenum rich regions in the corrosion scale. As internal
corrosion of these alloys occurred, the composition of the corrosion scale that
formed was dependent on the composition of the alloy. In alloy 3033, what little
molybdenum is present in the alloy is distributed evenly across the dendrites,
leading to a uniform corrosion scale composition. In alloys 5020 and 62~ however,
the enriched interdendritic regions and depleted dendrite cores ,,,,ere incorporated
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into the corrosion scale. This lead to the molybdenum rich and poor areas
illustrated by the high magnificatiori EPMA maps (Figure 45 and Figure 46).
To further identify the effect of this molybdenum segregation on corrosion
resistance, quantitative analysis of the corrosion scale was performed on alloys
3033, 5020 and 622 - see Table V and Figure 48 through Figure 50. For alloy 3033,
points 1 and 2 were located within the chromium and oxygen rich layer in the
internal corrosion scale. The concentration of chromium at these points is greater
than the concentration in the adjacent corrosion scale layer (point 4) or in the
underlying weld metal (point 3). Also note that the concentration of molybdenum in
this layer is minimal.
The internal chromium and oxygen rich layer in alloy 5020, Figure 49, also
contains more chromium in the corrosion product than in the weld metal (compare
points 1, 2 and 3 to point 4). However, this layer also contains significantly more
molybdenum than the same layer in alloy 3033.
As with alloy 5020, chromium enrichment of the internal corrosion product
(points 1, 2, and 3, Figure 50) above the concentration in the weld metal (point 4)
was observed for alloy 622. Here again, the chromium and oxygen rich layer
contains significantly more molybdenum than found for alloy 3033.
From the quantitative EPMA results, it is evident that the increased
concentration and microsegregation of molybdenum in alloys 5020 and 622
compared to alloy 3033 played a significant role in detemlining the composition of
the corrosion scale. The composition of the sc.ale, in tum, affected the corrosion
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rate. In alloy 3033, the formation of a uniform, dense chromium and oxygen rich
layer most likely served as a diffusion barrier, protecting the underlying weld metal
from further attack once it fonned. While the exact composition of this layer was
not determined, it was found to be thin, continuous, and complete. In alloys 5020
and 622, a chromium and oxygen rich layer formed, but it was much thicker and
decorated with chromium and oxygen depleted regions. The same areas were found
to be enriched in molybdenum. The quantitative compositional analysis of the weld
metal found that molybdenum segregation occurred in these alloys. It is proposed
that incorporation of the molybdenum rich interdendritic regions by the advancing
internal corrosion front lead to the creation of the molybdenum rich areas of the
corrosion scale. It could not be determined from the EPMA work if the
molybdenum formed an oxide or sulfide. However, it is known that molybdenum
oxides and molybdenum sulfides are not a protective as chromium oxides.
Regardless ofwhat corrosion product formed from the molybdenum, it would not be
as protective as a chromium oxide.
While the chromium and oxygen rich areas of the internal scale on alloys
5020 and 622 may have provided some corrosion protection, the molybdenum rich
areas of this layer may have acted as fast diffusion paths. These areas could have
allowed attacking specie from the corrosion gas to penetrate the corrosion scale to
the weld metal, where further reaction occurred. This has most likely played a role
in the determining the thickness of the corrosion scale on these alloys. Alloy 3033
formed a continuous layer that effectively sealed off the underlying base metal,
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preventing further attack. In contrast, the passivating layer on alloys 5020 and 622
was discontinuous due to the presence of molybdenum enriche~ areas. Ingress of
corroding species allowed for continued formation of corrosion product, leading to
both the increased scale thickness and accelerated corrosion kinetics for these
alloys.
Although corrOSion scale analysis was perfonned only on isothennal
corrosion test coupons, it is likely that a similar deficient corrosion scale played a
role in the poor perfonnance of alloys 622 and 5020 in the cyclic tests as well. The
incorporation of molybdenum into the corrosion scale due to microsegregation is a
function of alloy composition, and most likely occurred for alloys 5020 and 622 in
all environments.
2.5 Conclusions
The candidate alloys in this program were subjected to extensive corrosion
testing, including isothermal, cyclic temperature, cyclic gas and long term
exposures. The following conclusions can be drawn from this work:
I. Alloy 3033 exhibits the best corrosion resistance of all three candidate alloys.
Alloy 5923 did not perform well in the short tenn isothermal TG tests and was
removed from the program after those tests were completed. Alloys 3033 and
5020 provided acceptable corrosion resistance in the mixed oxidizing /
sulfidizing gas, both exhibiting slower corrosion kinetics than alloy 622. In the
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cyclic temperature and cyclic gas experiments, alloy 3033 performed
significantly better than alloy 5020 and alloy 622, especially in the cyclic gas
test. This performance was repeated again in the long term exposure tests, with
alloy 3033 exhibiting slower corrosion kinetics than both alloy 5020 and 622.
2. The supenor corrosion performance of alloy 3033 was attributed to alloy
composition. Alloy 3033 contains the most chromium and the least amount of
molybdenum. Qualitative EPMA mapping revealed a chromium and oxygen
rich internal corrosion product on alloy 3033 after 2,000hrs exposure to the
mixed oxidizing / sulfidizing gas. This layer was found to be continuous, thin
and uniform in composition. It is proposed that this layer served as a
passivating layer, protecting the underlying weld metal from further attack.
3. A chromium and oxygen rich layer was also observed on alloys 5020 and 622.
Chromium depleted regions that were enriched in molybdenum were foun'd to
decorate this corrosion product, which was noted to be much thicker on these
alloys than on alloy 3033. The molybdenum rich areas prevented complete
passivation of these alloys, and appeared to serve as fast diffusion paths for
attacking specie. Continued reaction with the corrosion gas, supplied by the
molybdenum rich pathways through the scale, led to the increased scale
thickness and corrosion kinetics for alloys 5020 and 622.
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4. Compositional analysis of the weld metal revealed that microsegregation of
molybdenum to the interdendritic regions had occurred for alloys 5020 and 622.
Little microsegregation was observed for alloy 3033. As the internal corrosion
front advanced through the alloy, the pattern of molybdenum segregation
remained, leading to the formation of the molybdenum rich and chromium /
oxygen depleted areas in the corrosion scale.
5. The results of this project lead to the conclusion that molybdenum is an
unnecessary and detrimental addition to weld overlay alloys intended for high
temperature corrosion applications. The microsegregation of this element
prevented the formation of a continuous passivating layer on alloys 5020 and
622. The simple balance of iron, nickel and chromium in alloy 3033 provided
improved corrosion resistance over the currently used alloy 622. The
performance of this alloy points to the conclusion that chromium in sufficient
concentration is all that is required for adequate corrosion resistance in the
environments examined in this work.
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3.0 Future Work
The improved performance of alloy 3033 over alloy 622 indicated that this alloy
may be a potential replacement for alloy 622 for weld overlays in low NO" boilers.
Thus, it is recommended that full scale tests be conducted to determine the potential
of alloy 3033 for use in this application. Longer term exposures in the laboratory,
up to 10,000 hours, are required to fully test the corrosion resistance of the alloy.
Field exposures are also necessary, as variations between simulated conditions in
the laboratory and actual low NOx environments may affect the performance of the
alloy. Weldability studies will most likely be required by any industrial sponsor
selected to install a test panel ofalloy 3033.
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Table 1 - Gas compositions (volume percent) and calculated oxygen and sulfur partial
pressures.
Gas Reducing'" ~ Oxidizing
r, Gas 1 Gas 3 Gas 5
O2 ---- - 2
CO 15 10
--
CO2 ---- 5 15
H2 3 --- --
H2O 2 2 6
H2S 0.12 0.12 ---
502 -- -- 0.12
N2 81.88 82.88 76.88
LogP~ -27.9 -19.2 -1.7
Log PS2 -6.3 -8.6 -45.6
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Table II - Filler metal compositions for the three candidate alloys (wt %),
as supplied by ThyssenKropp VDM USA Inc.
~ Alloy 33 Alloy 50 Alloy 59Heat 51297 Heat 45195 Heat 45251
Cr 32.85 19.~5 22.65
Ni 30.95 51.6 60.94
Mn 0.64 0.38 0.16
Si 0.31 0.09 0.03
Mo 1.67 11.55 15.4
Ti 0.01 0.01 0.01
Nb < 0,010 0.24 0.01
Cu 0.58 0.11 0.01
Fe 32.2 13.7 0.43
S 0.004 -Q.002 0.002
P 0.01 0.009 0.005
AI 0.07 0.17 0.1
Mg 0.007
Pb 0.001 0.002 0.001
Sn < 0,010 0.01 0.01
Co 0.16 0.75 0.05
C 0.007 0.005 0.001
rare earth 0.03 0.002
N 0.39 0.111
W 0.09 1.6 0.03
Ca 0.002 0.002
V 0.07 0.15
8 0.001
Zr 0.025
Table III - Weld metal compositions (wt %) for iron, nickel and chromc.
~ Alloy 33 Alloy 50 Alloy 59Heat 51297 Heat 45195 Heat 45251
Cr 27.89 17.98 21.05
Ni 28.23 49.5 57.92
Fe 38.56 18.26 3.57
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Table IV - Weld metal, base metal and filler metal compositions (wt %) for each candidate
alloy. The dilution shown here is the average of the dilution calculated for iron, nickel and
chromium.
PJbj V'eId fI£taI Baserletal Filler fI£taI %DiIl1ia1
Fe IIi 0- Fe Fe IIi 0-
3)33 38.$ 2823 Zl.89 100 32.20 30.95 32.85 11.1
!mD 1825 49.50 17.98 100 13.70 51.00 19.55 5.8
!B23 3.57 57.ff2. 21.05 100 0.43 00.94 2265 5.1
622 8.5 52.3 223 100 4.23 5822 21.11 7:J
Table V - Results from quantitative EPMA corrosion scale analysis (wt %) for alloys 3033,
5020 and 622.
3033 Inner Scale
Fe Ni Cr Mo S 0 Total
Point 1 9.442 1.911 43.658 3.759 8.488 22.358 89.616
Point 2 10.976 1.685 45.461 2.278 6.105 22.454 88.959
Point 3 40.059 27.167 25.725 1.2 0.063 0 94.214
Point 4 19.697 8.729 27.538 2.361 15.093 15.Ql5 88.434
5020 Inner Scale
Fe Ni Cr Mo S 0 Total
Point 1 8.079 1.303 35.851 17.91 6.478 19.863 89.484
Point 2 8.432 1.346 34.037 16.072 9.804 21.255 90.948
Point 3 7.003 0.99 31.119 19.874 16.429 17.06 92.475
Point 4 18.541 46.863 17.442 10.82 0.64 0 94.307
622 Inner Scale
Fe Ni Cr Mo S 0 Total
Point 1 4.711 1.662 35.524 18.643 7.439 18.274 86.253
Point 2 4.249 1.839 33.77 20.634 8.748 16.9&7 86.227
Point 3 2.388 1.539 34.469 18.094 15.381 15.771 87.642
Point 4 7.096 50.471 19.252 16.466 0.955 0 94.24
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Figure 1 - Oxidation of A-B alloy at oxygen partial pressure too low to oxidize A. (a) Low
concentration of solute B results in internal oxidation. (b) High concentrations of solute B
cause the formation of external B oxide3•
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Figure 2 - llIustration of transient oxidation in Ni-20%Cr (NiCr204 phase is omitted for
c1arityi.
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56
Water Injection System Multi-component Gas Mixing-Distribution Panel
25m L Syringe
Syringe Pump
Gas Mixture I
I 234 5 6
Gas Mixture 2
1 234 5 6
gas
out
Figure 10 - Schematic diagram of horizontal tube furnace set up, depicting gas delivery and
water injection systems.
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Figure 11 - Cruciblc set-up used in long tcrm tube furnace tests.
57
(las MI:\ture I
1~3~5()
Gas Mixture ~
I ~ 3 ~ 5 ()
•••••• ••••••
to.:.nth.IEJMllrnh
(2n.1
111111
....
~LU- ~~;
i"bllnr111
1l1rrDllX'OLlplr
I
Q
Fi~ure ](I - Schematic diagram of horizontal tulle furnace set up. depicting gas deli"er~ and
water in.iection systems.
~=~~~ l~
-- ~-r-- ----------- ---~ I
Coupon
Gas Flow Holes (1S")
"'ll~O.Crucible
- .'
Figun' 11 - Cl1Icihll' ~ct-uJlIIH'd in Inn!! tenn tuhe ruman' tl'~t~.
Figure 12 - Cross section of alloy 3033 weld overlay. WM, electrolytic chromic acid etchant.
Figure 13 - Cross section of allo)" 5020 weld m"crla)·. LOM, elcctrol)1ic chromic acid ctchant.
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Figure 14 - Cross section of alloy 5923 weld overlay. WM, electrolytic chromic acid etchant.
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Figure 15 - Electron microprobe line trace for alloy 3033.
Figure 16 - Location of compositional anal)"sis for allo)' 3033 weld oYcrla)'.
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Figure 17 - Elcctron microprobe line trace for alloy S020.
Figure 18 - Location of compositional anal~'si!l for ano~' 5020 weld o\·crla~·.
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Figure 21 - Nonnalu,cd weight gain versus time for isothennal, constant dry sulfidizing gas (1)
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Figure 23 - Normalized weight gain versus time for isothermal, constant mixed
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Figure 24 - Nonnalu.ed weight gain ycrsus time for isothennal. constant oxidiling gas (5) TG
test.
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tbe mixed oxidizing I sulfidizing gases for all candidate alloys and alloy 622.
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Figure 26 - Macrographs of l00hr isothermal, constant gas TG corrosion coupons for all alloys
and corrosion emironments.
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Figure 27 - NonnaIized weight gain versus time for temperature cycle, mixed oxidizing I
sulfidizing gas (3) TG test
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Figure 28 - Rc.~lts from isothermal and temperature c)-cle tc.~~ in mixed oxidizing I sulfidizing
gas (3). Broken lines are from qclic temperature tests. solid lines are from isothermal tests.
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Figure 29 - LOM macrographs of mixed oxidizing I sulfidizing, cyclic temperature 100hr test
coupons. (a) alloy 3033 (b) alloy 5020 (c) alloy 622.
5.0 -r--------------------------.
arid sur a,id SuW arid sur arid SuII arid Su~ alCid Sutf ,a,
.--. .--- .--....-. .---.-..--.. .--- .---.--- .--...-.......rtt
4.0+-------------------------~
-4_ A1loy
622
::: ..,..-r ---r-----r--r----r-----r--r----r--~~~---j +-K-3033
o 10 20 30 40 50 60 70 80 90 100
Timo (hrs)
Of 3.0 1----:::;~.----:-L::;iIr----~jiiiiiij;;ii;iil'-----1
E
u
Cl
E 2.0 ;-__--1 -1"-- -1
Figure 30 - Nonnaliud weight gain \"ersus time for isothennal, qclic gas TG tc..«s.
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Figure 31- Normalized weight gain versus time for both the isothermal, cyclic gas and the
isothermal, constant gas 100hr TG tests. Broken lines indicate cyclic gas, solid lines are
constant gas.
Figure 32- LOM macrographs of isothermal, cyclic gas test coupons. (a) allo~· 3033 tested to
100hrs - red arrows point to areas of scale spallation (b) alloy 5020 tested to 50hrs
(c) allo~' 622 tested to lOOhrs.
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Figure 33 - Nonnalizcd weight gain data for lOOhr, 500hr, 1,OOOhr and 2,OOOhr exposures to
the mixed oxidizing I sulfidizing in horizontal tube furnace.
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Figure 34 - Macrographs of test coupons after exposure to mixed oxidizing I sulfidizing gas at
SOO°e.
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Fi~rc 35 - Elcdron microprobe maps of allo)' 3033 coupon from 100 hour TG tc..~t in the
sulfidh:ing gas (Gas 1). 20keV. 65nA, 0.15scc count time.
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Figurc 35 - Electron microprobc maps of alloy 3033 coupon from IOO hour TG tcst in thc
sultidizing gas (Gas 1). 20!icV, 65nA, O.15scc count timc.
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Figure 36 - Electron microprobe maps of allo~' 5020 coupon from 100 hour TG tcst in the
sulfidizing gas (Gas 1). 20keV, 65nA, 0.15scc count time.
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Figure 36 _ Electron microprobe maps of alloy 5020 coupon fmm 100 hour TG test in the
sulfidizing gas (Gas 1). 20keV, 65nA, 0.15sec count time.
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Figure 37 - Electron microprobe maps of allo)" 622 coupon from 100 hour TG test in the
sulfidizing gas (Gas 1). 20keV. 65nA. 0.15scc count time.
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Figure 37 - Electron microprobe maps of alloy 622 coupon from 100 hour TG test in the
sulfidizing gas (Gas 1). 20keV, 65nA, 0.15sec count time.
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Figure 38 - Electron microprobe maps of allo)" 30JJ coupon from 100 hour TG tcst in the
mixed oxidizing I sulfidiring gas (Gas 3). 20keV, 65nA. O.15scc count time.
75
INTENTIONAL SECOND EXPOSURE
----~.----- -----1-- ---- ---------~---------------------__l
Figure 38 - Electron microprobe maps of alloy 3033~oupon from 100 hour TG test in the
mixed oxidizing I sulfidizing gas (Gas 3). 2{fkeV, 65nA, O.I5sec count time.
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Figure 39 - Electron microprobe maps of ano~' 5020 coupon from 100 hour TG tc..~t in the
mixed oxidiz;ing I sulfidiz;ing gas (Gas 3). 20keV, 65nA, O.15scc count time.
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Figure 39 - Electron microprobe maps of allo~- 5020 coupon from 100 hour TG test in the
mixed oxidizing / sulfidizing gas (Gas 3). 20keV, 65nA, O.15sec count time.
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Figure 40 - Electron microprobe maps of allo)' 622 coupon from 100 hour TG te.q in the mixed
oxidizing I sulfidizing gas (Ga.'! 3). 20keV, 65nA, 0.15scc count time.
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Fi~'UI·e.tO - Ek-ctron microprobe maps of alloy 622 coupon fmm 100 hour TG test in the mixed
oxidizing / sultidizing gas (Gas 3). 20keV, 65nA, O.15scc count time.
n
Figure 41- Electron microprobe maps of allo)" Jon coupon from 2000 hour tube furnace te-..t
in the mixed oxidizing I sulfidizing gas (Gas J). 20keV. 65nA. 0.15scc count time.
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Figure .+1 - Electron microprobe maps of alloy 3033 coupon from 2000 hour tube furnace test
in the mixed oxidizing I suIfidizing gas (Gas 3). 20keV, 65nA, 0.15sec count time.
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Figure 42 - Electron microprobe maps of allo)' 5020 coupon from 2000 hour tube furnace tcst
in the mixed oxidizing I .sulfidizing gas (Gas 3). 20keV. 65nA. O.15scc count time.
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Fi:"'Ul"e .+2 _ Electron micropl"Obe maps of alloy S020 coupon from 2000 hom" tube fumace test
in the mixed oxidizing / sulfidizing gas (Gas 3). 20keV, 6SnA, (1.1Ssec count time.
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Figure 43 - Electron microprobe maps of alloy 622 coupon from 2000 hour tube furnace test in
the mixed oxidizing I sulfidizing gas (Gas 3). 20keV. 65nA. 0.15scc count time.
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Fi~'llre ·0 - Elcctron microprobe maps of allo:y 622 coul)on from 2000 hour tube furnace test in
the mixed oxidizing / sulfidizing gas (Gas 3). 20keV, 65nA, O.15scc count time.
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Figure .... - Electron microprobe maps of inner scale region of allo~' 3033 coupon from 2000
hour tube furnace test in the mixed oxidizing I sulfidizing gas (Gas 3). 20keV, 65nA. 0.30scc
count time.
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Figu~e -t-t - Electron microprobe maps of inner scale region of alloy 3033 coupon from 2000
hour tube furnace test in the mixed oxidizing I sulfidizing gas (Gas 3). 20keV, 65nA, 0.30sec
count time.
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Figure 45 - E(edron microprobe maps of inner scale rc~on of aUo)" 5020 coupon from 2000
hour tube furnace te$t in the mixed oxidizing I ~Ifiduing gas (Gas 3). 20keV. 65nA. O.30sec
count tim('1
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Figure -tS _ Electron microprobe maps of inner seale region of allo~- S020 coupon from 2000
hour tube furnace test in the mixed oxidizing / sulfidizing gas (Gas 3). 20keV, 6SnA, O.30sec
count time.
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Figure 46 - Electron microprobe maps of inner scale region of allo~' 622 coupon from 2000 hour
tube furnace tc.~ in the mixed oxidizing I sulfidizing gas (Gas 3). 20keV, 65nA, 0.30scc count
time.
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Figure ~6 - Electron micl"Oprobe maps of inner scale region of alloy 622 coupon from 2000 hour
tube fumace test in the mixed oxidizing I sulfidizing gas (Gas 3). 20keV, 65nA, 0.30scc count
time.
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Figure 47 - Low magnification image of corrosion scale on alloy 3033 after 2,000hr exposure to
mixed oxidizing I sulfidizing gas. Outlined area shows region mapped with EPMA. 1500L
Figure 48 - Location of points from quantitatiYe EPM.A anal)·sis for a110)· 3033 after 2,OOOhr
exposure to the mixed oxidizing I sulfidizing ga.~ 4,000x. Results reported in Tab1c V.
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Figure ~7 - Low magnification image of corrosion scale on alloy 3033 after 2,OOOhr exposure to
mixed oxidizing / sulfidizing gas. Outlined area shows region mapped with EPMA. 1500x.
Figure ~8 - Location of points from quantitative EPMA analysis for alloy 3033 after 2,000hr
exposure to the mixed oxidizing / sulfidizing gas. ~,OOOx. Results rCllorted in Table V.
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Figure 49 - Location of points from quantitative EPMA analysis for alloy 5020 after 2,000hr
exposure to the mixed oxidizing I sulfidizing gas. 400L Results reported in Table V.
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Figure -t9 - Location of points from quantitative EPMA anal)'sis for allo)' 5020 after 2,000hr
exposure to the mixed oxidizing I sulfidizing gas. -tOOx. Results reported in Table V.
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Figure 50 - Location of points from quantitative EPMA analysis for anoy 622 after 2,000hr
exposure to the mixed oxidizing I sulfidizing gas. 1,OOOL Results reported in Table V.
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Figurc 50 - Location of points from quantitativc EPMA analysis fOlo alloy 622 aftcr 2,0()Ohr
cxposurc to thc mixcd oxidizing / sultidizing gas. 1,000x. Rcsults ,0CIJortcd in Tablc V.
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